Abstract-We have desi g ned and are develo p in g a novel p roof of-conce p t PET system called BazookaPET. In order to com p lete the PET confi g uration, at least two detector elements are required to detect p ositron-electron annihilation events. Each detector element of the BazookaPET has two inde p endent data acquisition channels. One side of the scintillation crystal is o p tically cou p led to a 4 x 4 silicon p hotomulti p lier (SiPM) array and the other side is a CCO-based g amma camera. Usin g these two se p arate channels, we can obtain data with hi g h ener g y, tem p oral and s p atial resolution data by associatin g the data out p uts via several maximum-likelihood estimation (MLE) ste p s. In this work, we p resent the conce p t of the system and the p rototy p e detector element. We focus on characterizin g individual detector channels, and initial ex p erimental calibration results are shown alon g with p reliminary p erformance-evaluation results. We measured ener g y resolution and the inte g rated traces of the slit-beam ima g es from both detector channel out p uts. A p hoto-p eak ener g y resolution of � 5.3% FWHM was obtained from the SiPM and � 48% FWHM from the CCO at 662 keY. We assumed SiPM si g nals follow Gaussian statistics and estimated the 20 interaction p osition usin g MLE. Based on our the calibration ex p eriments, we com p uted the Cramer-Rao bound (CRB) for the SiPM detector channel and found that the CRB resolution is better than 1 mm in the center of the crystal.
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N the past few decades, a tremendous interest in small animal PET scanning has arisen since it provides a tool for understanding a wide range of biological processes [1] [4]. In order to provide greater specificity and accuracy, a high-spatiaL-resolution PET scanner is required and various designs have been proposed to achieve this high spatiaL resolution [5] [6] [7] [8] [9] [10] . Recent advances in CCD technology have allowed for high-spatial-resolution small-animal single photon-emission-computed-tomography (SPECT) systems us ing CCD-based gamma cameras. BazookaSPECT has demon strated its capability as a high-resolution, photon-counting gamma-ray detector [11] , [12] . individual gamma-ray events are well separated spatially and can be segmented at each frame, a high event-detection rate (rv 1.1 X 106 events/second) can be achieved by the large-area BazookaSPECT [13] . Despite its excellent spatial resolution, a CCD-based gamma camera has not been considered as a PET detector because its temporal resolution is limited by the frame rate, and it provides only minimaL energy resoLution.
In this work, we extend the high-spatial-resoLution concept of BazookaSPECT to PET by making use of a secondary photodetector with better energy and timing information. We are able to correlate events from these two detectors by correlating event positions. We can then retrospectively form a joint estimate of position using information from both detectors. In order to detect positron-eLectron annihiLation events, BazookaPET consists of at Least two detector elements (Fig. la) . A detector element consists of a scintillation crystal with two independent detector channels ( Fig. 1 b) . One detector channeL is a silicon photomultiplier (SiPM) array, which is considered as a more conventionaL PET detector and the other is an image intensifier with CCD, which is the same as the 
Event detection concept and the data processing flow chart, including MLE steps, for a single BazookaPET detector element. Note that this schematic is for one detector element and that a pair of detector elements is required for PET imaging. The histograms of the SiPM pixel outputs and the integrated centroid image from the Bazooka side were obtained when a gamma-ray slit beam was incident on the crystal. The slit-beam width was 0.6 mm at 662 keY.
counting performance and energy resolution of the EMCCD
[14], [15] , the configuration was intended for a small-animal SPECT application.
By associating the Bazooka-side readouts with the SiPM side, BazookaPET is intended to achieve fast coincidence timing resolution, good energy resolution and high spatial resolution. Key to reaching these goals is the use of maximum likelihood estimation (MLE) for both the Bazooka-side and the SiPM-side readouts. However, this paper focuses on the calibration and characterization of each detector channel be fore we investigate the association between the two detector channels,
II. MATERIALS AND METHODS

A. Motivations and Detector Design
A schematic of the detector element of BazookaPET and the flowchart of data acquisition and MLE steps to estimate the 3D interaction position (t:) and energy is shown in Fig. 2 . To generate the ML estimate of t: for given SiPM signals g, we are currently working on the probability model pr(g lt:, £)
where £ is energy of a gamma ray. For accurate modeling, we combined a Geant4 simulation with Monte Carlo simulations of SiPM response [17] , [18] , In the simulations, the 4x4
SiPM array is optically coupled to a 13 x 13 x 5 mm 3 LaBr 3 :Ce crystal. The Monte-Carlo simulation of SiPM response uses scintillation photons generated by the Geant4 simulation as inputs [19] . We have confirmed using simulation that the sampled probability distribution follows a Gaussian modeL However, the experimental validation of the model will be investigated in the future. 
B. Maximum-likelihood Estimation for SiPM signals
In this work, we considered only the estimation of the 2D interaction position (R) and we will revisit 3D positioning in future work. The SiPM pixel outputs are assumed to be independent, and each SiPM pixel output is assumed to follow a Gaussian distribution:
The ML estimate of the position is found by searching over R with a fixed energy Eo. Since the logarithm is a monotonic transformation, we can take a logarithm of the probability density function without loss of generality:
R Here, g = { gl, ... , g M } is a SiPM-data output vector and Eo = 662 keY. An exhaustive search algorithm was implemented to find the ML estimate. We used the likelihood windowing method to filter events [20] [21] [22] . After we found R ML , possible detector resolution in terms of the variance of the position estimate [22] , [23] . Therefore, we also computed CRBs in order to assess the detector resolution (Fig. 3) of the SiPM side from the calibration results. The result shows that the CRB resolution is better than 1 mm in the center of the crystal. The CRB resolution is low at the lower bottom corner of the crystal due to defects in the crystal packaging.
III. RESULTS AND DISCUSSION
A. Integrated Traces of a Slit-Beam Images and Energy Res olution Comparison
As an initial attempt to compare the spatial resolution of estimates using the outputs from each detector channel, we The filters suppressed most of the random photon emission from the SiPM avalanches.
in Fig. 4 . It is evident that the Bazooka side has advantageous spatial resolution even though the optical coupling between the optical window and the crystal was not ideal. We also compared the energy resolution between two detector channel outputs (Fig. 5 ) using a collimated cross-slit beam at 662 keY.
As we expect, the energy resolution from the SiPM side shows a good result of ,,-,5.3% FW HM while the energy resolution from the Bazooka side is "-'48% FWHM. In addition, we investigated how the over-voltage degrades energy resolution for the SiPM side (Fig. 6) .
B. Light emission from Silicon Photomultiplier
The emission of visible light as a consequence of avalanche processes is a well-known phenomenon [24] , [25] . As a main drawback for SiPM-based imaging cameras, this optical cross talk effect has been actively studied [26] [27] [28] . Because of the unique design of the BazookaPET detector element, one of the challenges in association between two detector channels is that the Bazooka side directly detects the light emission from the SiPM avalanches (Fig. 7) . The images in Fig. 7 are the integrated centroid images of the Bazooka side when a collimated gamma-ray beam was incident on the crystal.
As shown in Fig. 7a , when the bias voltage was zero, we were able to identify the gamma-ray events, but when the bias voltage was applied, the Bazooka side started to detect light emission from the SiPM avalanches (Fig. 7b) . It was found that the wavelength of the radiation emitted by the SiPM is predominantly greater than 550 nm [29] . Therefore, we inserted a short-pass filter along with IR-absorbing glass to block the light emission. Since the peak emission wavelength of the LaBr 3 :Ce is ,,-,380 nm, the scintillation light was not blocked. After inserting filters, most of the unwanted visible light from the SiPM was suppressed (Fig. 7d) . This allows us to distinguish the ganuna-ray events from the random light emission from the SiPM avalanches.
IV. CONCLUSION AND FUTURE W ORK
In conclusion, we have completed the design and construc tion of a prototype detector element for the BazookaPET and presented the initial calibration results of the SiPM side. We have also shown preliminary performance-evaluation results between two detector channels. Despite the defects in the crys tal packaging, we showed that the spatial-resolution advantage of the Bazooka side is evident. Higher spatial resolution on the Bazooka side can be achieved with better optical coupling between the crystal and the optical window. The timing resolu tion will be determined by the SiPM-side readout performance (,,-,100 MHz). We measured ,,-,5.3% FW HM energy resolution on the SiPM side without temperature regulation. Further improvements in the stability of the SiPM with temperature control can lead to improved energy resolution [30] . On the Bazooka side, "-'48% FW HM energy resolution indicates that we can use only the position estimate to associate between two detector channel outputs. We have also addressed the challenge of the Bazooka side detecting the photon emission from SiPM avalanches and established a method to suppress the unwanted light emission from the SiPM. Our next task is to develop the association algorithm between the two detector channels and investigate the light spread to achieve good estimates for depth of interaction.
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